Two experiments were conducted to evaluate the nutritive value and maximum safe level (MSL) of pennycress meal (PM) for broiler chicks. In experiment 1, a total of 480 chicks was fed either mash or crumbled diets containing zero, 5, 10, or 15% PM for 18 d (8 diets; 6 replications per diet). In experiment 2, a total of 660 chicks was fed mash diets containing zero, 3, 6, 9, 12, or 15% of either PM or canola meal (CM; a comparative reference) for 14 d (11 diets; 6 replications per diet). Analytical results show that PM is a good source of protein (∼31% CP) and it is very comparable to CM (∼36% CP). However, it contains higher erucic acid (∼1.68 vs. < 0.021%), glucosinolates (sinigrin) (∼63.5 vs. <0.163 μmol /g), and crude fiber (18.60 vs. 9.27%) compared to CM. In experiment 1, increasing PM from zero to 15% resulted in linear reductions (P < 0.05) in FI, BWG, and FCR at 10 days. Above 10%, performance responses were affected for FI and BWG at 18 d, respectively. An estimated MSL of 10% PM based on orthogonal contrast was optimal for satisfactory FI and BWG. The MSL as estimated by brokenline linear (BLL) and broken-line quadratic (BLQ) models was 9.12 ± 0.50 and 7.0 ± 1.27%, respectively. In experiment 2, growth performance at 14 d was reduced above 9% due to PM inclusion. CM inclusion did not affect growth performance at 14 d, suggesting 15% to be safe. The MSL for maximum growth performance varied depending on the statistical analysis as follows: 12% by orthogonal contrast and LSD, 15% by the Scheffé test, 10.84 ± 0.57 by BLL, and 8.61 ± 1.29 by BLQ. In conclusion, PM can be included in broiler starter diets as a protein source but its inclusion should be limited to no more than 8.5%. Different statistical procedures give different MSL and this should be considered when interpreting the data.
INTRODUCTION
Field pennycress or simply pennycress (Thlaspi arvense L.) is a winter annual weed classified as a member of the Brassicaceae family commonly known as the mustard family. The native habitat of pennycress is Eurasia but it also can be found in different regions of North America. Currently, pennycress is being evaluated as a potential biodiesel source due to the high oil content (∼36% oil) in the seeds (Carr, 1993; Isbell, 2009; Fan et al., 2013) . The oil is typically extracted from the seeds by the expeller pressing (cold pressed) method, which includes seed crushing, flaking, and heat treatment prior to pressing (Selling et al., 2013) . The collected oil is converted into methyl esters via a transesterification process to be used as a biodiesel. The re-maining portion after oil extraction is called press cake, oil cake, or meal. Pennycress meal (PM) has been reported to be a good source of protein as it contains at least 26% CP (Selling et al., 2013; Hojilla-Evangelista et al., 2014) . However, the meal also contains high levels of fiber, glucosinolates, and erucic acid, which may limit its nutritive value for poultry (Moser et al., 2009; Hojilla-Evangelista et al., 2014) .
Canola is another oilseed crop belonging to the mustard family. Unlike pennycress, canola contains low concentrations of glucosinolates and erucic acid after Canadian plant geneticists developed canola cultivars from rapeseed (Bell, 1982) . Canola meal (CM) has been used as a protein source in poultry diets but its use is still limited due to the presence of antinutritional factors and high fiber content (Salmon et al., 1981; Slominski et al., 1999; Gopinger et al., 2014) .
The maximum safe level (MSL) of CM in broiler diets can vary depending on several factors such as meal composition and processing method. Newkirk and Classen (2002) observed an increasing negative response 2281 in feed intake and BW gain of broiler chicks at 19 d when feeding diets containing increasing concentrations of toasted or non-toasted canola meal (zero, 6.3, 12.5, 20.8, 28 .9 and 36.9% of the diet). Woyengo et al. (2011) reported a linear decrease in feed intake and BW gain of male broiler chicks fed diets supplemented with zero, 10, 20, or 40% expeller-extracted canola meal. Payvastegan et al. (2013) reported that feeding solventextracted CM to broiler chicks up to 10% of the diet had no impact on 21-day growth performance but a reduction in performance was observed at 20% inclusion level as estimated by Duncan's multiple range test. The use of a multiple range tests is very common in feeding trials due, most probably, to the ease in performing the test. In fact, the use of the multiple range test is inappropriate in this type of feeding trial in which the input factor is continuous (Petersen, 1977; Dawkins, 1983; Lowry; 1992; Pesti et al., 2009) .
Recently, Alhotan et al. (2016) developed broken-line (spline) models to estimate the MSL of feed ingredients. This methodology also can be used in the planning of feeding trials to increase experimental design efficiency by finding the optimal number of ingredient levels and replications to use. Evaluation of potential feedstuffs like PM for poultry is desirable to increase the efficiency of production by providing alternative protein sources. In addition, providing new methodologies for planning feeding trials based on science rather than tradition and estimating the inclusion levels precisely are lacking. Therefore, the objectives of this study were to evaluate the nutritive value of PM; to design a broiler feeding trial involving PM and CM based on brokenline or spline methodologies; and to estimate the MSL of PM and CM using various methods (multiple range tests, orthogonal contrasts, and broken-line models) to illustrate how different conclusions can be drawn from the same data due to the choice of statistical analysis and interpretation. Two experiments were conducted to evaluate the objectives of this study. In experiment 1, dietary inclusion of PM and feed form (crumbles or mash) were investigated in an 18-day study. In experiment 2, the inclusion level of PM and CM were evaluated in a 14-day study after designing this experiment based on data from experiment 1 and another experiment with CM.
MATERIALS AND METHODS

General Procedures
The experiments were conducted at the University of Georgia Poultry Research Facility (Athens, GA) using day-old Cobb 500 male chicks from a female parent line obtained from a Cobb Vantress Hatchery (Cleveland, GA). Chicks were reared in battery brooder units (Petersime Incubator Co., Gettysburg, OH) and were provided with ad libitum access to feed and water. All experimental procedures followed were approved by the 
Experiment 1
Birds and Housing. A total of 480 chicks was weighed and randomly assigned according to dietary treatment to 48 pens (8 dietary treatments; 6 replicates; 10 chicks in each pen). Chicks were fed 4 starter diets varying in PM inclusion level and provided in either crumbled or mash form. The room temperature was set at 30
• C the first wk and was gradually decreased by 3
• C each 3 d to 26
• C. The photoperiod was 23 h of light per d throughout the study. Birds and feed were weighed at zero , 10, and 18 d of age.
Dietary Treatments A corn-SBM basal diet was mixed with zero , 5, 10, or 15% PM and prepared in 2 forms (crumbles or mash), totaling 8 experimental diets (Table 1) . Diets were formulated based on the true amino acid digestibility values for all ingredients, which were obtained from a commercial AA database (Ajinomoto Heartland LLC) with the exception of PM. The digestibility coefficients for PM (Table 2) were obtained from a cecectomized rooster assay according to Parsons (1985) . The PM sample used in this experiment was supplied by the United States Department of Agriculture, USDA (Athens, GA) and referred to herein as PM1. All diets were formulated to meet or exceed the 
Experiment 2
Study Planning. Planning of experiment 2 was done using the Maximum Ingredient level Optimization Workbook (MIOW), which is a simulation-based workbook. The MIOW workbook requires some knowledge of the expected variation in the experiment and the shape of the "true" response to precisely estimate the MSL and the corresponding statistics of feed ingredients using broken-line models (Alhotan et al., 2015 and Alhotan et al., 2016) . From previous experiments with PM (experiment 1) and CM (data not shown), the coefficient of variation was estimated to be about 5% and the true parameters of the response function were set at maximum gain = 590 g, MSL = 8, and rate constant = −35 for PM and maximum gain = 625 g, MSL = 8, and rate constant = −35 for CM. This information was used in the MIOW workbook to find the optimal combination of levels and replications given the available resources at that time (i.e., 3 battery brooder units with 72 cages). This optimal combination should have the smallest standard error (SE) of the MSL. Tables 3 and 4 show the possible combinations of levels and replications for PM and CM, respectively. The most effective design for both experiments was found to consist of 6 levels and 6 replications per level (36 pens in total) for PM and CM as the SE was reduced by about 38% compared to using 4 levels of 6 replications per level (36 pens in total). Therefore, this design was applied in experiment 2 using 6 levels (zero, 3, 6, 9, 12, and 15%) and 6 replications per level.
Birds and Housing. In total, 660 chicks were weighed and randomly assigned according to dietary treatment to 66 cages (11 dietary treatments; 6 replicate pens; 10 chicks in each cage). The initial room temperature was set at 33
• C and was reduced gradually to 27
• C at d 14. The room was equipped with a forced air furnace as the only source of heat, a stirring fan, and an exhaust fan. The photoperiod was maintained at 23 h of light per d throughout the study. Birds and feed were weighed at days zero, 7, and 14.
Dietary Treatments. Birds were fed mash diets containing zero, 3, 6, 9, 12, and 15% of either PM or CM. The meals were mechanically expeller-pressed and were supplied by Arvegenix Inc. (St. Louis, MO) for PM and Pacific Coast Canola (Warden, WA) for CM. The PM sample obtained from Arvegenix Inc. and used in this experiment is referred to as PM2 to distinguish it from PM1, which was obtained from USDA and used in experiment 1. The diets were corn-and SBMbased diets with corn DDGS, poultry byproducts, and other ingredients (Table 5 ). The nutritional recommendations followed in feed formulation met or exceeded the nutritional recommendations established by Aviagen (Aviagen Inc., 2014). Feed formulation was based on standardized ileal AA digestibility coefficients from a commercial database (AminoDat 4.0, Degussa AG, Hanau-Wolfgang, Germany) for corn and SBM. CM Table 3 . Simulations of different combinations of levels and replications to estimate the maximum safe level of pennycress meal by broken-line quadratic model (simulations = 100; CV = 5%). and PM2 digestibility coefficients were obtained from rooster assays according to Parsons (1985) ( Table 2) .
Chemical Analysis
Representative samples were collected from PM1, PM2, CM, and all diets used in both experiments and were finely ground to pass through a 1.18 mm sieve. PM1, PM2, and CM samples were analyzed for proximate composition (dry matter, crude (2000). GE was determined using adiabatic bomb calorimeter. AA concentrations of the samples were analyzed based on AOAC (method 982.30 E (a, b, c), 2006) . Fatty acids in PM1, PM2, and CM samples were determined by gas chromatography with flame ionization detection (AOAC 939.05, AOCS 1e-91, AOCS Ce 2-66) by EPL Bio Analytical Services (Decatur, IL). Glucosinolate contents in PM1, PM2, and CM samples were determined using ultra high performance liquid chromatography with ultra-violet detection (AOCS Ak 1-92, ISO 9167-1) by EPL Bio Analytical Services (Decatur, IL). Since PM1 and PM2 contained greater than 99% sinigrin (of total glucosinolate), EPL utilized a liquid chromatography/tandem mass spectrometry method to determine the sinigrin content in PM1 and PM2.
Statistical Analysis
Data from both experiments were analyzed using the GLM procedure of SAS software (SAS Institute, 2010) . In experiment 1, the design of this study was a 4 × 2 factorial arrangement of treatments with 4 levels of PM1 (zero, 5, 10, and 15%) and 2 levels of feed form (mash or crumbles). The 2-way analysis of variance (ANOVA) was used to determine the effects of PM1 inclusion, feed form, and any possible interactions. The design of experiment 2 was a completely randomized design with 11 dietary treatments consisting of 5 inclusion levels of PM2 (3, 6, 9, 12, and 15), 5 inclusion levels of CM (3, 6, 9, 12, and 15), and a common basal diet with no PM2 or CM. The effect of increasing PM1, PM2, and CM levels on the response variables was evaluated using polynomial contrasts. Mean separation was performed using orthogonal contrast, Fisher's LSD (Fisher, 1935) , and the Scheffé test (Scheffé, 1953) . The MIOW workbook (Alhotan et al., 2016) was used to estimate the MSL by BLL and BLQ models. Differences were declared significant when P < 0.05.
RESULTS
Nutrient Composition
Contents of the glucosinolate sinigrin in PM1 and PM2 samples were 59 and 68 μmol /g, respectively. The CM sample was found to contain less than 0.163 μmol /g of sinigrin. The predominant fatty acids in PM are erucic, linoleic, oleic, and alpha linolenic acids (Table 6) , whereas oleic and linoleic acids are the most abundant fatty acids in CM. The erucic acid contents in PM1 (1.73%) and PM2 (1.62%) were found to be much higher than the erucic acid content of CM (<0.021%). PM samples were found to have slightly lower fat contents (∼9 vs. 11%) and 2x higher fiber contents (∼19 vs. 9%) compared to CM. PM1 and PM2 samples contained about 31% CP, and CM contained about 36% CP (Table 7) . The AA patterns in CM, PM1, and PM2 are nearly identical (Table 7) . The most abundant indispensable AA in the samples was leucine, while the least abundant was tryptophan. Among the dispensable, the most abundant AA was glutamic acid and cysteine was the least. The analyzed protein contents of the diets were in the expected ranges and did not deviate from the calculated values (Table 8) .
Experiment 1
Increasing PM1 inclusion level from zero to 15% resulted in a linear decrease (P < 0.05) in FI at 10 d of age, as well as for the entire period of study (Table 9). Similarly, BWG was reduced in a linear fashion at 10 d of age. BWG during zero to 18 d increased in a quadratic fashion due to PM1 inclusion reaching 594.6 g at 5% and then decreased at an increasing rate. FCR was reduced linearly as a function of PM1 inclusion during zero to 10 d with no trends observed during the entire period of study. The contrast statements revealed that PM1 inclusion at 5, 10, or 15% depressed FI during zero to 10 d compared to the control, and feeding 15% of PM1 resulted in a depression in cumulative FI. This was true for BWG when feeding all levels of PM1 reduced BWG during zero to 10 d but feeding only the highest PM1 level reduced growth for zero to 18 d as compared to the control. FCR was depressed only during zero to 10 d at 10% or more of PM1 inclusion. Chicks fed the mash diets had reduced BWG compared to those fed the crumbled diets during both experimental periods studied. FCR was improved when the diets were crumbled compared to feeding the diets in mash form. There were no significant interaction effects between feed form and PM1 inclusion in this study. There were no differences (P = 0.533) found in mortality rates due to PM feeding (data not shown). The mean mortality rate was about 2.5%. The MSL values for satisfactory BWG at 18 d as estimated by the broken-line methodology using treatment means were 9.12 ± 0.50 for the BLL model and 7.0 ± 1.27 for the BLQ model (Figure 1 ). The MSL values were estimated to be 8.23 ± 1.98 for the BLL model and 4.22 ± 5.0 for the BLQ model when all replicate pen means where used.
Experiment 2
When CM inclusion level was increased from zero to 15% during the first wk, FI deceased gradually, reaching a minimum of 124.5 g per chick at 9% CM and then increased at an increasing rate (Table 10) . BWG during this period responded similarly as weight gain decreased at an increasing rate and then increased at an increasing rate. No other trends were observed at any period examined. Contrast statements comparing each level to the control suggested that feeding 9% CM depressed FI and BWG during the first wk of age. Results of feeding PM2 showed that increasing PM2 from zero to 15% reduced FI linearly for the first wk but not for the entire period, as there were no clear trends (Table 11) . BWG was reduced linearly by PM2 feeding at d 7 and d 14. However, the response in BWG at d 14 also could be considered as quadratic instead of linear as the P-value (probability of H o = H a ) was approaching significance (P = 0.079). PM2 increases depressed FCR in a linear fashion at both 7 and 14 d of age. None of the levels of PM2 fed decreased FI based on the contrasts. Feeding 9% or above of PM2 depressed BWG and FCR at d 7. At d 14, BWG and FCR were depressed only at the highest level of PM2.
The MSL values for satisfactory BWG at 14 d based on the broken-line models using treatment means were 10.84 ± 0.57 for the BLL model and 8.61 ± 1.29 for the BLQ model (Figure 2 ). When all replicate pen means were used, the estimates were 10.84 ± 1.93 for the BLL model and 8.61 ± 2.70 for the BLQ model. The MSL for BWG at 14 d based on Fisher's LSD test was found to be between 12 to 15% PM2 (Figure 3) . Using the Scheffé test (Figure 4) , the MSL was found to be 15%.
DISCUSSION
Nutrient Composition
The major antinutritional substances present in PM that could be limiting performance of broilers are glucosinolates and erucic acid (22:1Δ 13 ). PM samples used in this study contained high levels of glucosinolates as sinigrin (59 and 68 μmol/g for PM1 and PM2, respectively) and erucic acid (1.73 and 1.62% for PM1 and PM2, respectively). Hojilla-Evangelista et al. (2014) reported defatted pennycress meal to contain 36.71 ± 0.41 mg/g sample or 92.4 μmol/g of sinigrin (molar mass = 397.46 g/mol), which is almost 1.5 times greater than sinigrin content in this study. In the current study, erucic acid was found to be the major fatty acid in pennycress followed by linoleic acid, and this is in agreement with the findings of Moser et al. (2009) who reported pennycress oil to have high erucic acid (32.8%) and linoleic acid (22.4%). CM, on the other hand, contained low levels of sinigrin (<0.163 μmol/g) and erucic acid (<0.021%), which characterizes the new cultivars of canola selected for low glucosinolate and erucic acid (Khajali and Slominski, 2012) . Glucosinolate contents of PM samples in the current study were about 2x higher than reported glucosinolate values for camelina sativa, another member of the Brassicaceae Table 10 . Growth performance of broilers fed increasing levels of canola meal for 14 days (Experiment 2). 136.2 ± 2.5 502.6 ± 11.8 119.1 ± 2.9 382.9 ± 14.9 1.14 ± 0.02 1.32 ± 0.04 3 6 131.7 ± 2.2 509.0 ± 12.7 112.6 ± 3.1 366.6 ± 22.5 1.17 ± 0.02 1.42 ± 0.10 6 6 131.1 ± 3.5 504.3 ± 15.5 112.9 ± 5.7 387.5 ± 16.1 1.17 ± 0.03 1.31 ± 0.04 9 6 124.5 ± 3.2 488.6 ± 13.8 106.3 ± 4.0 368.1 ± 7.5 1.18 ± 0.04 1.33 ± 0.04 12 6 134.0 ± 3.4 502.1 ± 12.3 116.5 ± 1.7 387.8 ± 7.2 1.15 ± 0.03 1.30 ± 0.01 15 5 136.6 ± 3.1 504.0 ± 12.1 118.6 ± 3.3 388.0 ± 13.1 1.15 ± 0.01 family not bred for low glucosinolate. Glucosinolate totals of 20.3 μmol/g (Pekel et al., 2009 ), 24.4 μmol/g (Aziza et al., 2010 ), 34.4 μmol/g (Thacker and Widyaratne, 2012 , and 22.7 to 24.2 μmol/g (Pekel et al., 2015) were reported for various samples of camelina meal. AA digestibility coefficients for PM2 are more comparable to CM than PM1. The digestibility coefficients for PM1 were generally lower than the digestibility coefficients of PM2. The differences between the coefficients of PM1 and PM2 could not be explained as there are many factors that can cause such variations (e.g., seed processing conditions, procedures followed in the rooster assays by different laboratories, and analytical errors, among others).
Experiment 1
FI was linearly reduced due to pennycress feeding and the highest inclusion of pennycress resulted in about 7% reduction in FI during the first 10 d and 4% reduction in the cumulative FI. This reduction in FI was reflected in BWG as the weight gain decreased linearly during zero to 10 d, but reached a maximum of 595 g at 5% PM then declined after that. The highest inclusion also resulted in about a 10-point increase (depression) in FCR during zero to 10 d only. In this experiment, synthetic AA were added to the diets to meet the requirements of the most limiting AA, TSAA, lysine, and threonine. Two other essential AA became limiting as PM1 inclusion increased from zero to 15%. Isoleucine and valine were reduced from 0.87 and 0.96 in the control diet to 0.80 and 0.90 in the highest inclusion diet, respectively. In addition, the diets were maintained isocaloric and isonitrogenous, and no minimum restrictions were set for the branched chain AA. The reduction in growth performance seen at the highest PM1 inclusion could be partially due to either isoleucine or valine becoming the next limiting AA. Furthermore, the high fiber content in PM1 (17% CF) and the presence of antinutritional compounds such as glucosinolates and erucic acid may be other contributing factors to the reduction in performance. Feeding seed meals of the mustard family (e.g., camelina and canola), which can contain high concentrations of these compounds, has been reported to reduce intake and depress growth in poultry (Sim et al., 1985; Tripathi and Mishra, 2007) . The glucosinolates per se are not toxic by themselves, but the toxic effects come from their metabolites (e.g., goitrin, nitriles, and thiocyanates), which are produced during processing or by microbial degradation in the gut under the actions of myrosinase (Khajali and Slominski, 2012) . Ryhanen et al. (2007) reported a linear reduction in growth performance of 14-day broiler chicks fed graded levels of camelina sativa (zero to 10%) containing 22.9 μmol/g of glucosinolates. Woyengo et al. (2011) observed similar reductions in growth performance of broiler chicks fed increasing levels of canola meal (zero to 40%) with 8.03 μmol/g of total glucosinolates.
Crumbling feed in this study did not improve FI but it did improve BWG and consequently FCR. The improvement in BWG of chicks fed the crumbled diets may be due to increasing net energy for gain as a result of reducing eating time (Abdollahi et al., 2013) . In addition, the crumbling process includes heating the feed, which may improve nutrient digestibility and detoxifying certain antinutritional compounds. Therefore, it might be possible that heating feed reduced the toxic effects of some compounds in PM leading to improved growth. It has been shown that heating canola meal at 100
• C inactivated the enzyme myrosinase, improving the growth performance of broilers (Shires et al., 1983) .
Comparing each inclusion level to the control suggests that chicks become less sensitive to pennycress inclusion as they get older. Feeding 5% or above reduced FI and BWG during the first 10 d of age. However, feeding that level produced similar performance as feeding no PM and the reduction in FI and BWG were observed at the highest level. Using the contrast method, the maximum safe level of PM for satisfactory growth is estimated to be 10%. Using the broken-line methodology, the MSL based on treatment means was estimated to be 9.12 ± 0.50 for the BLL model and 7.0 ± 1.27 for the BLQ model. When observation to observation variation was introduced by using all replicate means instead, the resulting MSL estimates were less accurate (more variable) and it became more difficult to fit models to growth data as the increased SE and reduced R 2 suggest. This observation demonstrates the obvious benefit of minimizing the variation when designing feeding trials (e.g., more reps, blocking, etc.) to get accurate estimate of the MSL.
Experiment 2
The planning of feeding trials should be based on historical data (i.e., expected variation and response shape) and statistical science rather than tradition and guesswork. The reason for estimating the MSL using different methodologies was to show how conclusions drawn from such experiments can be influenced by different statistical methods. Experimental results of feeding PM2 seems to be consistent with feeding PM1 in experiment 1 by causing a linear reduction in FI and BWG during the first period and a tendency of quadratic effect (increase up to a certain point and then decrease) on the overall BWG. The cumulative FI was inconsistent across experiments as there was no linear reduction in FI in experiment 2. The reduction in growth performance could be due to the high fiber content or the presence of glucosinolates and erucic acid between samples tested. The glucosinolates content in PM2 is slightly higher than PM1 (68 vs. 59 μmol/g) while erucic acid is slightly lower (1.73 vs. 1.62%).
The only negative observation on feeding CM was the quadratic response in FI and BWG during the first wk of age. Feeding CM seems to reduce FI and BWG gradually till 9% inclusion then increases in FI and BWG were observed at higher inclusions. The reduction in performance during this period especially at 9% could not be explained. Feeding up to 15% CM did not affect growth performance at either d 7 or 14. The analyzed contents of glucosinolates (<0.163 μmol/g) and erucic acid (<0.021%) were very low and this could be one reason for the absence of any detrimental effects on performance.
The MSL of pennycress meal (experiment 2) varied depending on the statistical procedure used. Using a less conservative test like Fisher's LSD to separate the means resulted in more significant differences with a MSL value between 12 to 15% for satisfactory BWG at 14 d (Figure 3 ). In contrast, using the Scheffé test (Figure 4) , the MSL was found to be 15%. The Scheffé test is a very conservative test and resulted in no significant differences in this analysis. Multiple-range tests are very commonly used in separating means in feeding trials of ingredients with increasing levels. The factor level in this case is a continuous (quantitative) variable. Multiple-range tests are appropriate only for discrete or qualitative factors, so they should not be used in feeding trials in which the input factor is continuous.
In addition, the multiple-range tests distinguish between 2 levels of the factors and do not give exact estimates or confidence intervals for the estimates. The broken-line methodology treats the input factor as continuous and provides estimates for the confidence intervals (Alhotan et al., 2016) . The broken-line methodology provides estimates of the MSL plus it is descriptive statistics. The interpreter still must decide when the splines are straight or curved in nature. A conservative estimate of the value of any alternative ingredient should be its MSL minus the standard error, not some higher level that could not be declared different from the next higher feeding level. It should be noted that the broken-line methodology (like multiple-range tests) provides estimates of the MSL based on the data given and does not give a fixed MSL for the same ingredient every time. The MSL for an ingredient could change because of using a different cultivar, processing method, supplemental enzymes, and so forth.
In conclusion, the current study provided an example of how to plan a feeding trial based on broken-line methodology to eliminate some of the guesswork involved in the designing of feeding trials. The results indicated that pennycress meal can be used as a source of protein in broiler diets and the MSL should be estimated accurately by an appropriate statistical procedure to minimize the impact of antinutritional factors (e.g., erucic acid and glucosinolates) on performance. The choice of the statistical analysis (multiple-range tests, orthogonal contrasts, and broken-line models) can influence the MSL estimates. Therefore, the right statistical analysis should be used to avoid any detrimental effects on performance. Maximum inclusion levels of PM for BWG of 9.12% ± 0.50 and 10.84% ± 0.57 as estimated by the BLL model for experiments 1 and 2 indicate that 8.5% for starting chicks should not decrease performance.
